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I N T E R N
injection engines is a dominate factor in Short-exposure still photographs were obdetermining the characteristics of the tained at various chamber pressure and combustion process. Unfortunately, the densities to further investigate this fuel injection process that, in part despray.
termines this fuel distribution is not Correlations between droplet size well understood. The physical parameters and velocity were determined at each which influence the fuel spray include crank angle to observe the detailed nafuel properties, the system for producing ture of the transient events occurring in high pressure fuel at the nozzle, the inthis transient diesel fuel spray. As exjection nozzle itself, the combustion pected, peak mean and rms velocities are chamber geometry, the hydrodynamics, and observed in the center of the spray. the operating condition [i]*. There have Measured average velocities are consisbeen many experimental [2-13] and theotent with a calculated value, using the retical [14] [15] [16] [17] [18] [19] studies of fuel sprays, discharge coefficient for the nozzle and to reference just a few. Most of these the known rate of fuel injection.
The experiments have been carried out under spray was nearly symmetric, with higher steady, or non-engine like conditions. velocities occurring near the injector There remains a need for detailed infortip, and the radial dependence of velocmation about droplet size and velocity ity consistent with that observed from distributions for transient diesel sprays the spray photographs. Factors observed [20) . Knowledge of droplet sizes and veto effect the droplet size and velocity locities should help in the understanding distributions and history include pumr of the structure of the spray, as well as speed, fuel quantity delivered, anc, roviding the foundation for validation needle lift.
-F i if theories and computational models of The measured droplet diameters range sprays. The ultimate objective of spray in size from approximately the same size research is to be able to understand and as the nozzle diameter to micron-sized predict the behavior of transient fuel droplets. The size distributions tend to sprays at engine-like conditions. For have expected shapes, with a very strong this study we report on a step toward dependence on time and position in the that objective, as the data provided here spray.
should be useful in the validation of The spray photographs taken at low models of spray behavior, as well as proambient pressure conditions reveal the viding an indication of the physical existence and characteristic frequency of structure of these sprays, in terms of surface waves on the liquid exiting from droplet sizes and velocities. the nozzle. These waves are less obvious at atmospheric pressures, and completely * Numbers in brackets designate references listed at the end of the paper. puter-controlled selection of the spetive result, the instantaneous rate-ofcific injections that will occur in the injection was integrated over the injectest chamber. This allows for purging of tion duration and normalized to produce a the chamber between injections, for examtotal quantity of fuel delivered equal to ple.
Details of the spray chamber, and that obtained from direct measurement of the spray photography are included in the average fuel delivered per injection. Ref. [17] .
Further detail of the rate-of-injection A critical issue in these dense measurement can be found in Ref.
[27]. sprays, where there exists large gradi-
The discharge coefficient was deterents in velocity and droplet size distrimined from the tip pressure and rate-ofbutions, is the size of the measurement injection measurements according to volume.
Because of the requirement to have measurements of the Doppler burst mactual phase shift between at least two differCd= m ent positions in the scattered light AP( fringe pattern, the aperture in the re-P ceiving optics is rectangular rather than the more typical circular geometry.
The width of the aperture used in this set of As shown, the rate-of-injection and dismeasurements was 50 gm, which produces an charge coefficient rise rapidly as the effective measurement volume width of needle opens to relatively constant vai-103.1 gm.
For the most frequently used ues of 3.5 mg/cam degree ani 0.72, reoptical configuration (300 mm transmitspectively.
The rate of change ii, thcne ting lens, 160 mm collimating lens), the quantities is much greater during nozzle measurement volume diameter was approxiopening than during nozzle closing, which mately 200 gim.
An estimate of the will be evident in the velocity/size data observed measurement volume length is that will be shown. Because this particapproximately 552 gm.
To reduce the ular arrangement of pump and injector effects of spatial averaging that could were used in conditions from near vacuum occur, particularly for the measurements (4 mm Hg) to ambient densities typical of made along the radial coordinate, the that observed in engines, the retraction normal to valve in the pump was optimized to give the transmitter axis.
the best performance (fewest afterinjec-
The experimental matrix followed is tions) over the range of conditions studlisted in Table 1 .
A range of pump ied.
In the case of the highest fuel speeds and fuel quantity injected are indelivery, there is a small afterinjeccluded to observe these effects on the tion, which will also be observable in spray behavior.
In addition to the inthe velocity/size data. jector characteristics listed in Table 1 ,
To show the characteristics of the this injector is instrumented with a distribution of the velocity/diameter Hall-effect transducer for the measuredata, the data actually acquired are ment of needle lift, and a set of strain plotted, along with the Sauter Mean gages oriented to measure hoop strain in Diameter, d32, defined the injector barrel.
The output of the strain gages can be calibrated to provide N. N 3 AO a measurement of instantaneous tip pres-I I dij3+ sure.
The fuel used was a Phillips 2D -ill diesel fuel.
The measurement of droplet d 32 (A0) -size with the PDPA depends on an accurate ,Ni 2 (2) refractive index; the fuel used here was I dij2((+-specified in separate tests as shown in i=lj=l Table 1. RESULTS -Presented first are results an ensemble average of the velocity, U, from characterization of the performance defined of the nozzle and injection system. Shown in Fig. 2 are the crank-angle re-N. Ni solved tip pressure, needle lift, rate of AO injection, and discharge coefficient for U(eAO)=,YUij( -) (3) this experimental pump/injector system i=lj=l for a range of fuel delivery rates.
The rate-of-injection measurements were obtained with a Bosch-type rate-ofinjection meter built at the ERC. The output of this instrument is a measure of the relative rate-of-injection during the injection event.
To produce a quantita- and an rms velocity, Urms, defined the PDPA could not cover the range of droplet sizes at one instrument setting.
N, Ni
2-
O 2
Thus the data presented are the data that
were obtained at one unique instrument i=lj~l setting. For the case of the axial variations to be presented, d32 should be representative of the ensemble, although where uij = Uij-U extreme concentrations of very small drops (less than 8.6 microns in diameter) Each of these quantities are crank-angle could reduce the numbers obtained. For dependent.
The actual data acquired are the radial variations, in order to capdisplayed to illustrate the characteristure the large number of small drops octics cf the velocity and size distribucurring on the periphery of the spray, a tions, which are not evident from the smaller size range was used. Figure 1 shows that the needle barely opens during this injection, which perVelocity/Diameter Results -First, haps limits the diameter of the droplets the axial dependence of the velocity and to less than 50 microns. diameter are considered for a single opPump rotational speed has a strong erating condition which is characteristic effect on the behavior of the spray, as of the behavior of the system. Results shown in Fig. 7 . For this injection sysfrom four different locations along the tem, the maximum velocity of the droplets axis of the spray are shown in Fig. 3 .
was reduced at the 400 rpm speed, but For all of the velocity/size results to similar at the higher speeds. Comparisons be presented, 2000 data samples were obof the observed velocities with thaL pretained in 50 to 100 injections.
The vedicted by the tip pressure and nozzle locity and size are plotted crank-angle discharge coefficients showed similar reresolved, such that the transient nature sults.
At 1200 rpm, the data density of the spray can be observed.
A calcuduring the beginning and middle portions lated average discharge velocity calcuof the injection is less than what it is lated from the measured pressure and disat the lower pump speeds. This is probacharge coefficient shown in Fig. 2 is 147 bly due to the greater penetration of m/sec.
From Fig. 3 (a) and 3(b), 1) the larger non-spherical droplets, or ligapeak velocities are reduced as the axial ments from the higher pump speed. Note distance from the nozzle is increased, 2) that at the 400 rpm condition, the behavclose to the nozzle, the first injected ior of the spray is never steady, as the droplets are apparently quickly overtaken velocity and droplet size distribution by the droplets that follow them, 3) the change throughout the duration of the rate at which the velocity drops after spray. the end of injection is reduced as the Both drop velocity and diameter disaxial distance from the nozzle is intributions show very strong dependence on creased, 4) the droplet diameter range is the radial position in the spray. This much larger nearer the nozzle, giving is demonstrated in Figure 8 (a) and 8(b). much larger values of the d32 near the For this data the size range of the innozzle, 5) the distributions of droplet strument was changed, because of the size do not appear to be unusual, and 6) large numbers of very small droplets two fairly distinct velocity/diameter found on the edges of the spray. In groups near the nozzle, with high velociorder to directly compare the results, ties occurring for the complete range of the data was obtained with a single size sizes, and low velocities occurring for range which would capture these small mostly small droplets.
This, of course, droplets. A physical picture of the corresponds to the observed wide droplet structure of the spray can be formed from diameter range during injection, that Fig. 8 (a) and 8 (b); at 30 mm from the quickly changes to mostly small droplets spray nozzle, the spray is approximately at the end of injection. This is demon-8 mm in radius for a very short time pestrated in Fig. 4 , where the velocriod immediately after the start of inity/diameter correlations at 10 mm from jection. This indicates that the spray the nozzle have been separated into one angle is largest just after needle opencrank-angle degree windows. Figure 5 has ing. This phenomena was also identified the same type of data, in this case for in the short-exposure still photographs. an axial position 30 mm from the nozzle.
The data density obtained in beginninj The trends at this position appear to be and middle of the spray, for example besimilar, although there is a higher contween 57 degrees and 65 degrees in Fig. 8 centration of small droplets, as might be (a), increases with radial distance. expected from droplet breakup.
This likely indicates that along the The effects of fuel quantity inspray axis, there are many irregularlyjected are shown in Fig. 6 .
As the fuel shaped large droplets or ligaments which quantity is increased, the amount of time reduces the data density. Note that the that the injection displays steady behavmeasurement position (30 mm from the nozior increases.
At highest fuel delivery zle) is within a measured break-up length rate, the highest velocities occur at the (50 mm) for similar conditions [4] . The point where steady behavior ends.
Note droplets at the edge of the spray are althat at this point the data density is most all small droplets (d32 less than 20 less than that of other times during the microns).
The largest droplets and peak injcction.
The afterinjection observed velocities occur right on the axis of the in Fig. 2 is clearly visible in the ve- spray. There is a continuons decrease in locity history. This phenomenon does not the magnitude of these quantities and the Cam Angle (degrees) SMD (gm) Fig 3(b) . Crank-angle resolved SMD, mean velocities, RMS velocities, and its correlation along spray axis. Each data was ensemble averaged from 50 injections with 0.5 degree resolution. Other conditions are same as Fig 3(a) . Cam Angle (degrees) SMD (gim )   Fig 8(b) . Crank-angle resolved SMVD, mean velocities, RMS velocities, and its correlation along radial positions at 30 mm from nozzle tip. Each data was ensemble averaged fro~m 50 injections with 0.5 degree resolution. Other conditions are same as Fig 8(a) . the start of injection. Just as rapidly, An estimated droplet relaxation the gas phase velocity falls to zero as time for a 5 micron droplet to decelerate injection ends. At 30 mm from the injecto 97 % of the gas-phase velocity tor tip, the peak velocities are actually (assumed to be stagnant) is 60 gs in a increased. However, farther from the distance of 9 mm. Thus, using velocities nozzle, the peak velocities experienced obtained from droplets 5 microns in diamby the gas are reduced, and the time eter and smaller, gas-phase velocities which the entrained gas decelerates is are shown in Fig. 9 .
Ten mm f rom the much longer. 
